Chemical freeze-out parameters at RHIC
from the microscopic model calculations

L.V. Bravina for the UrQMD group
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Equilibration in the central cell
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WINETIC equilibeinm: isotropy of velocity distributions of hadrons
—= isotropy of pressure,

THERMAL cquilihriuni(elastic collisions): energy spectra of particles
are described by Boltzmann distribution with temperature I and chem-
ical potential 1. — Do+ 5
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CHEMICAL cquiliirium (inelastic collisions and  decays of reso-
nances): the yields of particles are reproduced by the SM with the same
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Kinetic equilibrium: Isotropy of the velocity
distributions.

Time evolution of the collective velocities of baryons and mesons in
asymmetric cell 1 < {a, . 2} < 2.5 fm
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RHIC; Velocity distributions become almost isotropic at t = 3 fm/ e

Flow is weak, v, = 0.1 — (1.15¢ only. This gives small correction,
[my v3,, /21 = 7 MeV for the nucleon spectra, and less than a MeV
for pions.




Kinetic equilibrinm: I[sotropy of the pressure.

The longitudinal (374 .,) and the transverse [1:'-."’3:-.'} diagonal
components of the microscopic pressure tensor in the central 125 fm”
cell of A+ A collisions at AGS, 5P5, and RHIC. Dotted lines indicate

the pressure given by the statistical model
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Pressure becomes sotropic at £ 2 10 finfe (AGS).

t = 7 fm/e (SPS). and £ = 5 fm/e (RHIC).
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Statistical Model of Ideal Hadron Gas
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Entropy density can be found via Gibbs thermodynamical
identity
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Evolution of thermodynamic parameters in the cell

RHIC: Au~+Au at /s -

strangeness density p&' as input.

time

ool

200 AGeV, t — 5 — 18 fm/ ¢,

The temperature ="', baryon chemical potential ;i7" | strange chemical
potential ;2" , pressure [* | and entropy per baryon =/ | are extracted
from the SM, using the energy density = baryonic density pi" | and
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PE-H pgell 7o #:_11‘.'-[ lu:‘-.I JE EII,-I{?.FEI'I_
fn/c MeV/fm* fm *  fm™" MeV MeV MeV f'n'h‘:"n.".-”frn_3

0.093 -0.0042 201 397 130 349 143
0.071 -0.0047 193 410 121 257 142
0.059 -0.0011 187 442 134 201 138
0.045 0.0011 181 443 136 159 144
0.040 -0.0044 176 472 104 128 135
0.029 -0.0022 171 441 498 104 152
0.025 -0.0044 167 474 112 87 149
0.018 00089 163 426 106 72 176
0.015 0.0040 1568 504 156 57 165
0.012 0.0024 154 480 129 49 180
0.009 -0.0044 150 407 65 41 214
0.007 00022 147 378 6.6 35 250
0.006 -0.0031 143 427 -11 30 218
0.005 -0.0028 140 434 -19 26

2330
1705
1319
1031
820
656
544
446
346
290
241
200
168
145

Expansion proceeds with constant and small prj; = 15 Mel

227

T varies from 201 MeV to 140 MeV
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How far is the SM equilibrium? - Entropy analysis
Entropy density:

s = 7 (= — puppp — psps + F)
ql.lin'l"
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Time evolution of the ratio 5/4 = 5/py in the central cell in A-A

collisions at AGS, SPS, and RHIC energies.
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The entropy per barvon ratio stayvs almost constant.
S/A =12 (AGS). 32 (SPS), 150=10 (RHIC).

Fit to experimental data gives 5/4 = 14 (AGS) and 36 (SPS) I!
 Cleymans&Redlich, Phys. Rev. C60 (1999) 054908
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Equation of state: P vs ¢

All particles in the central cell in A+A collisions.
AGS: Au+Au at 10.7 AGeV, t = 10 — 19 fm /e
SPS: Pb+Pb at 160 AGeV, ¢t = 10 — 19 fm/c

RHIC: Au+Au at /s = 200 AGeV, t =12 — 19 fm/c
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Expansion proceeds at constant P/« ratio.

P/e =0.12 (AGS), 0.15 (SPS), 0.15 (RHIC).
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Equation of state: T vs jup

Comparison with chemical freeze-out (upper points ) and thermal freeze-
out (lower points ) parameters at AGS and SPS energies (compilation

from J. Cleymans and K. Redlich, Phys. Rev. C60 (1999) 054908)
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MIT Bag model Boundary of the QGF for gluons and massless quarks.

RBYY = 227 and 302 MeV (T, = 150 and 200 MeV)
B = Py+ Pg = TH95/180m + 1/9(ug/T.)* + 1/(1620%) g/ T.)*)

AGS and SPS: Chemical and thermal freeze-out conditions
are close to initial and final conditions of the kinetic equi-

librium stage in the cell




Energy per particle in the cell
Phenomenclogical observation: all freeze-out parameters correspond to

an average energy per hadron of = 1 GeV
(J. Cleymans and K. Redlich, Nucl. Phys. A661 (1999) 379c).

Energy per particle in the cell at the beginning of kinetic

equilibrium:
time = (E)/(N)
fm/c GeV/fm® MeV /particle
AGS 10 0.675 1.03
SPS 10 0.468 0.91
RHIC 5 2.330 1.24
RHIC 7 1.319 1.08
RHIC 9 0820 090

Applying the criterion (E) /(N}) = 1 GeV , we get the most
probable values of the temperature and barvon chemical

potential at chemical freeze-out in Au+Au at RHIC (/s =
200 AGeV): N |
fered BHIC date
T=175+5MeV,; 170 Mel
pp =45+ 4 MeV  ~50 #av
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Thermalization: Energy spectra at AGS

Au+Au 10.7 AGeV

dN/4mpEdE (Gev™¢)

All particles in the central cell at ¢ = 10 fm/e.
Fit by the SM with the parameters:
I — 147 NMeV; g = 510 MeV: s = 128 Ned

Thermal equilibrinm seems to be reached




Helaxation to chemical equilibrinm: vields at AGS
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All particles in the central cell at 10 < ¢ << 18 fin/e.

Chemical equilibrinm seems to be reached,
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Thermalization: energy spectra at 3PS
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All particles in the central cell at £ = 10 fm/c.
Fit by the SM with the parameters:
T = 161 MoV g = 197 MeV: pg = 37 MeV

Mesons seem to have lower temperature compared to
barvons,
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All particles in the central cell at 10 <t < 18 fm/c.

Barvons and kaons are in good agreement, plons are
strongly underpredicted by the SAl




Thermalization: energy spectra at RHIC
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T = 171 AMeV: pp = 44 MeV: s IRYEY
Exponential fit m energy spectra gn e

T4 =113 Mel;

7, =96 MeV. T, = 160 MeV (two slopes);
I =85 MeV

Mesons have lower temperatures than barvons
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Number of elastic collisions per pion, 1 at t=5 /e and 2
at 1=10 fim/e. is not enough to reach thermal equilibrium.
Significant part of pions is coming from the decay of
resonances or inelastic scattering | non-thermalized
Processes ).
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Particles in the central cell at 5 < ¢ < 19 fm/e.

Onlv A's are fitted nicelv.

Since hvpercharge ¥V = B+ 5 15 conserved n strong -

teraetins, []1;1}'|H' the rest of the ¥ 1s in resonances’!




Formation of resonance-rich matter at RHIC

At RHIC the meson-dominated matter is produced.

Mesons Baryons Antibaryons

{*FI"'TM.I'II"HI"’E'H}#H '[f"”THJ'WruJHI [J"""Efﬁ'""rmr:'ﬂ"
RHIC 90% 7% 3%
SPS 85% 14.5% 0.5%
AGS 50% 0% 0%

At RHIC energies the admixture of antibarvons is
significant.

Fraction of resonances:

Mesans (5 fm/c — 20 fm/c) Baryons (5 fm/c — 20 fm/¢)

(NN (N /NB)=
RHIC 60% — 30% 70% — 70%
5P5 50% — 20% 70% — 35%
AGS 40% — 15% 60% — 25%

RHIC: fraction of resonances dominates up to
[ == 20 fm/e. 1.e. resonance-rich matter is survived almost
to the freeze-out
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Yields in the cell at RHIC
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Particles in the central cell at 5 < ¢ < 19 fm/e.

Both strange and non-strange resonances are well matched
to the SM predictions. Pions from ¢ < 14 fin/c are under-
estimated, other particles are overestimated by the SML

Vhere 1s the rest of the hypercharge!”
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Net and partial baryon densities in the cell at RHIC

FEEEHR—RH |

The partial densities of B's and B's, [}, , from the time interval
3t = 15 fm/e in the central cell of Au+Au collisions at RHIC.

time RE:'H: RJ]Hﬂc' REE” R%H
fm/e fm™ fm~t fm™ fm~°

5 0.183 0.090 0.332 0.239

6 0135 0064 0236 0.165
7 0106 0047 0178 0.119
8
9

0.082 0.036 0.134 0.088

0.065 0.025 0.105 0.065
10 0.049 0.020 0.07v9 0.050
11 0041 0016 0064 0.039
12 0.031 0013 0.049 0.031
13 0.025 0.010 0.036 0.021
14 0020 0.008 0.029 0.017
I 15 0016 0.007 0022 0.013

PN L

1 . . I'_';
Mot ]}i-ll'}.'t]]l densities are E"{]'Il.'-]_L Pg = -ﬂﬁ” _

. P - .If.;'_ .
but partial densities are not: REY > BB REM > R




Net and partial strangeness densities in the cell at RHIC
prt = (RE - RE) + (RY - RY)
The partial strangeness densities of B's, M's, and their antiparticles,

RPN fom the time interval 5 < f < 10 fm /¢ in the central cel
of Au+Au collisions at RHIC.

time (RE) (RE) (R (R&")
fm/c  fm™* fm™ fm~ fm°
5 UrQMD  -0.064 -0.039 0.216 0.194
SM 0160 -0.129 0.216 0.190
6 UrQMD -0.049 -0.020 0.169 0.154
SM -0.112 -0.088 0.169 0.149
7UrQMD -0.038 -0.020 0.141 0.124
SM -0.083 -0.063 0.139 0.120
g8 UrQMD -0.031 -0.017 0.115 0.099
SM _0.062 -0.047 0.115 0.008
9 UrQMD  -0.024 -0.013 0.094 0.087
SM 0048 -0.033 0.094 0083
10 UrQMD -0.019 -0.010 0.077 0071
SM -0.036 -0.025 0.078 0.070

- " e _ S
Net strangeness densities are equal, pg" = pg

but partial densities are not: [RE]S'” = {RE}”“L‘ _

{EE].H_U > [Hsﬁ}mir' : l:R:_y]S.H — (H%‘f WIImr'-:' I

.




Ratios of hadronic abundances in the cell at RHIC

Particles in the central cell at 5 <t < 19 fm/r.
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Equation of State for Pb+Pb (b=0) at 160 AGeV
= box,— fit Pb+FPb—cell,— |deal Cos
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Central cell in Pb+Pb (b=0) at 160 AGeV/c. Fit by Statistical Model
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Conclusions

¢ There is a kinetic equilibrium stage (isotropy of the
pressure, weak collective flow) of hadron-resonance-
string matter in the central cell at RHIC at about
5fm/c <t <19 fm/c .

¢ The ratio /’/: is approximately constant and equals
0.12 (AGS), 0.15 (SPS), and 0.15 (RHIC).

¢ Entropy per baryon ratio, S/A = 150+10 varies
slightly during the time interval 5 fm/r < <19 fm /¢ .
Predictions for Au+Au at RHIC (full volume):
S/A = 1T70.

¢« AGS and SPS: Conditions of chemical and thermal
freege-out are close to initial and final conditions for
the kinetic equilibrium in the cell;
Predictions for Au+Au at RHIC :
=170 MeV ; up = 45 MeV .

¢ Creation of long-lived resonance-abundant matter de-
celerates the relaxation to chemical equilibrium;
time ¢ ~ 20 fin/c is, probably, too short to reach fully
equilibrated state.

¢ Both strange and non-strange resonance-rich matter
survives until the thermal freeze-out and can be de-
tected experimentally.




